Introduction {#s1}
============

It is well recognized that mechanical signals play a critical role in the regulation of skeletal muscle mass and the maintenance of muscle mass contributes significantly to health and issues associated with the quality of life [@pone.0047258-Izumiya1]--[@pone.0047258-Pahor1]. However, the mechanism(s) via which mechanical signals are converted into the molecular events that regulate muscle mass remain poorly defined. Nevertheless, advances in our knowledge are being made and it is becoming increasingly evident that mechanically-induced changes in muscle mass are largely driven by changes in the rate of protein synthesis [@pone.0047258-Fitts1]--[@pone.0047258-Vandenburgh1]. Thus, identifying the molecular mechanisms that control mechanically-induced changes in protein synthesis should provide fundamental insight into how mechanical stimuli regulate muscle mass.

One mechanism that has been widely implicated in the regulation of protein synthesis involves signaling through the mammalian target of rapamycin (mTOR) [@pone.0047258-Ma1]. For instance, mTOR-mediated phosphorylation of the eukaryotic initiation factor (eIF) 4E binding protein 1 (4E-BP1) results in the recruitment of elF4G to the 5′ end of most mRNAs, and thereby, promotes the initiation of protein synthesis [@pone.0047258-Hara1], [@pone.0047258-Haghighat1]. Furthermore, mTOR can phosphorylate, and activate, the p70 ribosomal protein S6 kinase (p70^s6k^). Active p70^s6k^ can, in-turn, promote an increase in the helicase activity of eIF4A, and thus, provide an additional stimulus for the initiation of protein synthesis [@pone.0047258-Raught1].

mTOR is a Serine/Threonine kinase that is typically found in characteristically distinct multi-protein complexes. For example, the mTOR complex 1 (mTORC1) contains unique accessory proteins such as the regulatory-associated protein of mTOR (Raptor). On the other hand, the mTOR complex 2 (mTORC2) contains a protein called Rictor, but not Raptor. Furthermore, signaling by mTORC1, unlike mTORC2, is highly sensitive to inhibition by the drug rapamycin [@pone.0047258-Zoncu1]. This is important because numerous studies have shown that rapamycin inhibits not only the mechanical activation of mTOR-dependent signaling events, but also mechanically-induced increases in the rate of protein synthesis and ultimately growth [@pone.0047258-Bodine1]--[@pone.0047258-Goodman1]. Hence, it has become widely concluded that signaling by mTOR (presumably mTORC1) is a key determinant in the mechanical regulation of protein synthesis and muscle mass; however, the mechanism(s) via which mechanical signals induce mTOR signaling remain vaguely defined.

One mechanism that has been implicated in the mechanical activation of mTOR signaling, but has not yet been directly tested, involves signaling by the extracellular regulated kinase (ERK) [@pone.0047258-Miyazaki1]. For example, previous studies have demonstrated that ERK can induce mTOR signaling via the phosphorylation of proteins such as tuberous sclerosis complex 2 (TSC2) and Raptor [@pone.0047258-Ma2]--[@pone.0047258-Carriere1]. Previous studies have also shown that mechanical stimuli can induce a rapid and prolonged phosphorylation/activation of ERK, and this occurs concomitantly with the activation of mTOR signaling [@pone.0047258-Drummond1], [@pone.0047258-Miyazaki1]. Furthermore, Miyazaki *et al*. (2011) recently demonstrated that mechanical overload induces an increase in the phosphorylation of TSC2 on the S664 residue, which is a site that can be phosphorylated by ERK, and potentially promotes the activation of mTOR signaling. Combined, all of these studies suggest that signaling through ERK could be an important part of the mechanism via which mechanical signals activate mTOR signaling.

A potential role of ERK is also highlighted by previous studies which suggest that phosphatidic acid (PA) may be involved in the mechanical activation of mTOR signaling. Specifically, work from our lab has shown that mechanical stimuli induce an increase in the concentration of PA [@pone.0047258-ONeil1], [@pone.0047258-Hornberger2]. Furthermore, several groups have shown that PA can induce the activation of mTOR signaling [@pone.0047258-ONeil1], [@pone.0047258-Yoon1], [@pone.0047258-Tee1]; however, the mechanism(s) via which PA activates mTOR signaling have not been clearly defined. Currently, the most widely accepted mechanism involves direct binding of PA to mTOR [@pone.0047258-Yoon1], [@pone.0047258-Fang1], [@pone.0047258-Veverka1]. Yet, an alternative mechanism has recently been proposed, in which, PA activates mTOR signaling via the induction of signaling through ERK [@pone.0047258-Winter1]. Indeed, a number of studies support this idea. For example, PA can bind and activate Raf which, in-turn, promotes signaling through the mitogen activated protein kinase kinase (MEK)/ERK pathway [@pone.0047258-Ghosh1]--[@pone.0047258-Rizzo2]. Furthermore, PA can activate signaling through Raf/MEK/ERK via the recruitment of Son of Sevenless to the plasma membrane [@pone.0047258-Zhao1]. Therefore, it remains highly possible that a mechanically-induced increase in PA promotes the activation of mTOR signaling via an ERK-dependent mechanism.

Taken together, the aforementioned studies suggest that ERK could play an important role in the mechanical activation of mTOR signaling. However, limitations with the *in-vivo* administration of MEK/ERK inhibitors, such as U0126, have hampered a direct investigation into this potentially important mechanism [@pone.0047258-Miyazaki1]. Therefore, in this study, we attempted to overcome these limitations by employing an *ex-vivo* model of mechanical stimulation in which ERK inhibition was fully effective. Combined, our results demonstrate that the mechanical activation of mTOR signaling, and protein synthesis, occur through an ERK-independent mechanism that potentially involves a direct interaction of PA with mTOR.

Methods {#s2}
=======

Materials {#s2a}
---------

1,2-dioctanoyl-*sn*-glycero-3-phosphate (C8 PA), egg L-*α*-phosphatidic acid (egg PA), and 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphocholine (PC) were purchased from Avanti Lipids (Alabaster, AL, USA). For cell stimulation experiments, C8 PA and egg PA were prepared by drying lipids under nitrogen gas and dissolving in PBS with 3 min of water bath sonication at concentration of 0.6 mM and 6 mM respectively. For *in-vitro* stimulation experiments, C8 PA vesicles (50% C8 PA +50% PC) or PC vesicles (100% PC) were prepared by drying lipids as described above and dissolving in vesicle buffer (150 mM NaCl and 10 mM Tris pH 8.0) with 5 min of water bath sonication at a concentration of 6 mM. U0126 was purchased from Cell Signaling (Danvers, MA, USA) and dissolved in DMSO at concentration of 50 mM or 20 mM before adding to the *ex-vivo* organ culture media or cell culture media, respectively. Rapamycin was purchased from LC laboratories (Woburn, MA, USA) and dissolved in DMSO at a concentration of 150 µM before adding to *ex-vivo* organ culture media. Acetic acid, ethyl acetate, trimethylpentane and trichloroacetic acid were purchased from Fisher Chemical (Fair Lawn, NJ, USA). ^3^H-Myristic acid and ^3^H-Phenylalanine were purchased from Perkin Elmer (Waltham, MA, USA). Rabbit anti-phospho-p70^s6k^ (Thr389) and anti-total 4E-BP1 (R-113, used only for [Figure S2](#pone.0047258.s002){ref-type="supplementary-material"}) were purchased from Santa Cruz Biotechnologies (Santa Cruz,CA, USA). Peroxidase-conjugated anti-rabbit IgG (H+L) was purchased from Vector Laboratories (Burlingame, CA, USA). All other antibodies including rabbit anti-phospho-p70^s6k^ (Thr421/Ser424), anti-total p70^s6k^, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-total ERK1/2, anti-phospho-S6 (Ser240/244), anti-phospho-S6 (Ser235/236), anti-total S6, anti-phopho-4E-BP1 (Thr37/46), anti-phospho-4E-BP1 (Ser65) \[note: the Thr37/46 and Ser65 residues in human are equivalent to the Thr36/45 and Ser64 residues in mouse, respectively\], anti-total 4E-BP1 (53H11), anti-phospho-PKB (Ser473), and anti-total PKB were purchased from Cell Signaling (Danvers, MA, USA).

Animal Care and Use {#s2b}
-------------------

Eight- to ten-week-old inbred or outbred (Taconic, NY, USA) FVB/N male mice were used for all experiments. For inbred mice, wild type FVB/N mice were bred with hemizygotic FVB/N mice that contain human skeletal actin promoter-driven expression of a FLAG-tagged rapamycin-resistant (Ser2035Thr) mutant of mTOR [@pone.0047258-Ge1]. The offspring were genotyped with tail snips by PCR to identify null (wild type) and hemizygotic (RR-mTOR) mice. The mice were anaesthetized with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg) before all surgical procedures. After muscle collection, mice were sacrificed by cervical dislocation under anesthesia. The collected muscles were frozen in liquid nitrogen immediately or after washing when necessary. All animals were housed in a room maintained at 25°C with a 12 h:12 h light--dark cycle and received food and water ad libitum. All methods were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin-Madison under protocol \# V01324.

Organ Culture and Mechanical Stimulation {#s2c}
----------------------------------------

Mouse extensor digitorum longus (EDL) muscles were placed in an *ex-vivo* organ culture system which consisted of a refined myograph apparatus (Kent Scientific, Torrington, CT) and an organ culture bath as previously described [@pone.0047258-Hornberger1]. In most experiments, the bath incubation media consisted of Krebs Henseleit Buffer (120 mM NaCl, 4.8 mM KCl, 25 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM KH2PO4, 2 mM MgSO4, and 5 mM HEPES) supplemented with 1X MEM amino acid mixture (Invitrogen, Carlsbad, CA) and 25 mM glucose. For experiments involving the measurement of protein synthesis, high glucose DMEM was used for the incubation media (HyClone, Logan, UT, USA). In all cases, the media was maintained at 37°C with continuous 95% O~2~ and 5% CO~2~ gassing, and fresh media was added to the bath at 30 min intervals.

For mechanical stimulation, the EDL muscles were connected to the lever arms of a force transducer and micromanipulator, and then placed in the organ culture bath. The length of the EDL muscles were then adjusted until a passive tension of 13.5 mN was obtained (note: preliminary studies demonstrated that the optimal length (*Lo*) of EDL muscles was obtained at 13.5 mN). The muscles were then subjected to intermittent 15% passive stretch as a source of mechanical stimulation or held static at *Lo* as a control condition as previously described [@pone.0047258-Hornberger1].

Cell Culture {#s2d}
------------

For stimulation experiments, wild type C2C12 myoblasts were purchased from ATCC (Manassas, VA) and cultured in growth media consisting of high glucose DMEM supplemented with antibiotics and antimycotics (100*µ*g/ml streptomycin, 100 U/ml penicillin and 0.25 *µ*g/ml amphotericin) and 10% fetal bovine serum (Gibco, Grand Island, NY, USA). These cells were plated on 6-well dishes and grown to confluence. Upon confluence, all cells were serum-starved in the absence of any antibiotics and antimycotics overnight before being subjected to experimental treatments. Cell cultures were maintained at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

Western Blot Analysis {#s2e}
---------------------

Collected muscles were homogenized with a Polytron in an ice-cold lysis buffer \[40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM EGTA, 0.5% Triton X-100, 25 mM *β*-glycerolphosphate, 25 mM NaF, 1 mM Na~3~VO~4~, 10 *µ*g/ml leupeptin, and 1 mM PMSF\] and the whole homogenate was used for analysis. Myoblasts were lysed in the ice-cold buffer described above, centrifuged at 500 *g* for 5 min, and then the supernatant was used for analysis. Protein concentrations were determined with the DC protein assay kit (Bio-Rad, Hercules, CA, USA) and equal amounts of protein from each sample were dissolved in Laemmli buffer before being subjected to SDS-PAGE. Following the electrophoretic separation, proteins were transferred to a PVDF membrane, blocked with 5% milk in TBST (Tris-buffered saline, 1% Tween 20) for 1 h, and probed with rabbit primary antibodies overnight at 4°C. The membranes were then washed for 30 min in TBST and incubated with a peroxidase-conjugated anti-rabbit secondary antibody for 1 h at room temperature. Following 30 min of washing in TBST, the blots were developed on film using ECL \[Pierce (Rockford, IL, USA) for Regular ECL and Amersham (Piscataway, NJ, USA) for ECL Plus\]. Once the appropriate image was captured, the membranes were stained with Coomassie Blue to verify equal loading througout all lanes. Densitometric measurements of each blot were carried out using ImageJ (NIH).

Analysis of Protein Synthesis {#s2f}
-----------------------------

Protein synthesis rates were measured *ex-vivo* as previously described [@pone.0047258-Hornberger1]. Briefly, EDL muscles were pre-incubated for 30 min and then subjected to 90 min of control or stretch conditions in DMEM. During the final 30 min, the media was switched to fresh DMEM containing 2.7 mM phenylalanine and 10 *µ*Ci/ml ^3^H-phenylalanine for 30 min. An aliquot of the media was saved for determining the specific activity of the phenylalanine (cpm/nmol of phenylalanine) before collecting the muscles. The muscles were then washed three times with ice-cold PBS (pH 7.5) and homogenized in 10% (w/v) trichloroacetic acid (TCA). The TCA homogenates were incubated on ice for 30 min and then centrifuged at 5000 *g* for 5 min. TCA-soluble material was decanted and the TCA-insoluble material was consecutively washed at least five times by repeating resuspension of the pellet in 10% TCA and centrifugation at 5000 *g*. The TCA-insoluble material was then dissolved in 0.15 M NaOH at 55°C with frequent vortex-mixing for 1 h. Aliquots of the sample were counted by liquid scintillation spectrometry and used for determination of protein concentration with the DC protein assay kit to yield the specific activity (cpm/mg of protein) of the TCA-insoluble proteins. The rate of protein synthesis was calculated by using the following equation:where A represents the specific activity of the TCA-insoluble material and B the specific activity of the media.

Protein synthesis rates in cells were measured by incubating the cells in DMEM media containing 1.2 mM phenylalanine and 2 *µ*Ci/ml ^3^H-phenylalanine for 30 min. After saving an aliquot of the media for determination of the phenylalanine specific activity, the reaction was terminated by rinsing the culture wells three times with ice-cold PBS and then adding 10% (w/v) TCA to the wells. The cells were incubated on ice for 30 min and collected to determine the specific activity (cpm/mg of protein) of the TCA-insoluble proteins as described above.

Analysis of Phosphatidic Acid Concentration {#s2g}
-------------------------------------------

The method for measuring the concentration of PA in skeletal muscles *ex-vivo* has been previously described [@pone.0047258-ONeil1]. Briefly, EDL muscles were pre-labeled in the organ culture system with media containing ^3^H-myristic acid (2.5 *µ*Ci/ml) for 2 h and then subjected to experimental treatments before being collected. The muscles were then homogenized in chloroform--methanol 2∶1 (v/v) with a polytron, and total lipids were extracted according to Folch *et al.* (1957). The extracted lipids were combined with 10 *µ*g of PA standard and aliquots were used for the measurement of radioactivity in the total lipids or spotted on LK5D silica gel plates for separation of PA by thin layer chromatography (TLC). The plates were developed with a solvent system consisting of ethyl acetate--isooctane--acetic acid--water 13∶2:3∶10 (v/v). The standard PA spots containing the ^3^H-labelled PA were visualized by iodine staining and scraped off the TLC plate to count the amount of radioactivity by liquid scintillation spectrometry. Final calculations for \[PA\] were made by dividing the amount of radioactivity in the PA spot by the amount of radioactivity in the total lipid extract.

*In-vitro* mTOR Kinase Activity Assay {#s2h}
-------------------------------------

Mouse wild type C2C12 myoblasts were cultured as described above. C2C12 myoblasts stably expressing FLAG-tagged mTOR were obtained from Dr. Jie Chen (Department of Cell and Developmental Biology, University of Illinois, Urbana IL) and maintained in DMEM containing 0.2 mg/ml G418 (HyClone). G418 was not included in the media after the cells had been plated for the experiments. Upon confluence, cells were serum-starved overnight and subsequently collected in ice cold CHAPS lysis buffer \[40 mM HEPES pH. 7.4, 2 mM EDTA, 0.3% CHAPS, 10 mM sodium pyrophosphate, 10 mM β-glycerophosphate, and 1 tablet of EDTA-free protease inhibitors (Roche) per 25 mL\]. Fresh cell lysates were centrifuged at 2500 g for 5 min, and 400 µg of protein from the supernatant was diluted to a volume of 0.5 mL with fresh ice cold CHAPS lysis buffer. Samples were immunoprecipitated for the FLAG tag by incubating with 10 µL of EZview red ANTI-FLAG M2 agarose affinity gel beads (Sigma-Aldrich, St Louis, MO) and gently rocking at 4°C for 3 h. Following the incubation, the beads were pelleted by centrifugation at 500 g for 30 sec and washed 3 times with fresh ice cold Wash buffer (40 mM HEPES pH. 7.4, 150 mM NaCl, 2 mM EDTA, 0.3% CHAPS, 10 mM sodium pyrophosphate, 10 mM β-glycerophosphate, and 1 tablet of EDTA-free protease inhibitors per 25 ml). The beads were then washed 2 times with Kinase Wash buffer (25 mM HEPES pH 7.4 and 20 mM KCl).

For lipids stimulation, C8 PA or PC vesicles were prepared as described in the *Materials* section. The vesicles were diluted to 150 µM in 1.5-fold concentrated mTOR kinase assay buffer (see below), and 10 µL of this solution was incubated with the immunoprecipitates at 30°C for 15 min. Then, mTOR kinase activity towards purified GST-tagged p70 [@pone.0047258-Ikenoue1], [@pone.0047258-Goodman2] was initiated by adding 5 µL of 750 µM ATP to the immuoprecipitates which yielded a final mTOR kinase assay buffer that contained (25 mM HEPES pH 7.4,50 mM KCl, 10 mM MgCl2, 250 µM ATP, 50 ng GST-p70, and 100 µM C8 PA or PC vesicles). After 20 min of the reaction, the kinase assay was terminated by the addition of 25 µL of 2X Laemmli Buffer. Samples were boiled for 5 min and then subjected to western blot analysis.

Statistical Analysis {#s2i}
--------------------

All values are expressed as means (+ SEM in graphs). Statistical significance was determined by using ANOVA, followed by Student--Newman--Keuls *post hoc* analysis. Differences between groups were considered significant when P≤0.05. All statistical analyses were performed on SigmaStat software (San Jose, CA, USA).

Results {#s3}
=======

Mechanical Stimulation Activates mTOR Signaling via an ERK-independent Mechanism {#s3a}
--------------------------------------------------------------------------------

As stated in the introduction, there are several lines of evidence which suggest that ERK may play a role in the mechanical activation of mTOR signaling. To test this possibility, we employed an *ex-vivo* organ culture system in which mouse EDL muscles were mechanically stimulated with intermittent passive stretch. In this model, we determined that both 15 and 90 min mechanical stimulation was sufficient to induce an increase in the phosphorylation of ERK1 (T202/Y204). Furthermore, in this system, the MEK/ERK inhibitor U0126 was fully capable of inhibiting signaling through ERK ([Figure 1](#pone-0047258-g001){ref-type="fig"}). Combined, these results demonstrated that our *ex-vivo* system would enable us to define the role of ERK in the mechanical activation of mTOR signaling.

![Mechanical stimulation activates mTOR signaling via an ERK-independent mechanism.\
EDL muscles were held at optimal length (*Lo*) in an *ex-vivo* organ culture system and pre-incubated with 50 µM U0126 (U0126+) or the vehicle (U0126 --, DMSO) for 30 min. The muscles were then subjected to 15 or 90 min of intermittent 15% stretch or held static at *Lo* as a control condition. Muscles were collected at the end of the 15 or 90 min interval and subjected to western blot analysis for phosphorylated (P) and total ERK, p70, S6, and 4E-BP1. The total amount, and phospho:total ratios, of each protein were measured and then expressed relative to the values obtained in the time-matched vehicle control samples (U0126 --, Stretch --). All values are presented as the mean (n = 3−6 per group). \*Significantly different from the drug-matched control group, †Significantly different from the stimulation-matched vehicle group, P≤0.05.](pone.0047258.g001){#pone-0047258-g001}

Changes in the phosphorylation status of molecules such as p70^s6k^, ribosomal S6 protein (S6), and 4E-BP1, are commonly used as markers of mTOR activity. For example, the T389 residue on p70^s6k^ is a widely accepted mTOR-specific phosphorylation site [@pone.0047258-Magnuson1]. On the other hand, the T421/S424 residues of p70^s6k^ contain the consensus "S/T-P" sequence which can be phosphorylated by proline-directed kinases such as ERK [@pone.0047258-Mukhopadhyay1]. Therefore, we measured the phosphorylation status of the T389 and T421/S424 residues. Our results indicated that as little as 15 min of mechanical stimulation was sufficient to induce phosphorylation on these sites, and the magnitude of this effect was further amplified with 90 min of mechanical stimulation. Interestingly, when signaling through ERK was inhibited with U0126, the basal levels of T389 and T421/S424 phosphorylation were significantly reduced; however, U0126 did not block the mechanically-induced increase in the phosphorylation of these sites at either time point. Combined, these results indicate that ERK plays a role in maintaining basal levels of T389 and T421/S424 phosphorylation, but it is not necessary for a mechanically-induced increase in the phosphorylation of these sites.

As mentioned above, the phosphorylation status of S6 is also commonly used as a marker of mTOR activity, and previous studies have shown that S6 is predominantly phosphorylated by p70^s6k^ on residues such as S235/236 and S240/244 [@pone.0047258-Ferrari1], [@pone.0047258-Jeno1]. Furthermore, phosphorylation of the S235/236 residues, unlike the S240/244 residues, can also be mediated by ERK-dependent activation of the p90 ribosomal S6 kinase (RSK) [@pone.0047258-Pende1], [@pone.0047258-Roux2]. Thus, we were interested in determining if mechanical stimulation would induce an increase in S6 phosphorylation, and if ERK would be necessary for this event. As shown in [Figure 1](#pone-0047258-g001){ref-type="fig"}, our results indicated that 15 min of mechanical stimulation significantly increased S6 phosphorylation on both the S235/236 and S240/244 residues, and the magnitude of this effect was similarly maintained after 90 min of mechanical stimulation. In the presence of U0126, basal levels of S235/236 and S240/244 phosphorylation were significantly reduced, but U0126 did not block the mechanically-induced increase in the phosphorylation of these residues. Hence, it can be concluded that signaling through ERK plays a role in maintaining basal levels of S235/236 and S240/244 phosphorylation, but it is not necessary for a mechanically-induced increase in the phosphorylation of these sites.

In order to further clarify the role of ERK in the mechanical activation of mTOR signaling, we measured the phosphorylation status of 4E-BP1. For example, we measured changes in gel mobility as a marker of global changes in 4E-BP1 phosphorylation [@pone.0047258-Gingras1]. As shown in [Figure 1](#pone-0047258-g001){ref-type="fig"}, both 15 and 90 min of mechanical stimulation induced an increase in the appearance of the slower migrating/hyper-phosphorylated γ band, and inhibition of ERK with U0126 did not alter this affect. We also measured the phosphorylation of the T36/45 residues on 4E-BP1. Importantly, numerous studies have shown that mTOR can directly phosphorylate these residues [@pone.0047258-Gingras2], [@pone.0047258-MotheSatney1], but much to our surprise, neither mechanical stimulation, nor U0126, altered the amount of T36/45 phosphorylation. On the other hand, 15 min of mechanical stimulation induced a significant increase in the phosphorylation of 4E-BP1 on the S64 residue, and the magnitude of this effect was further amplified with 90 min of mechanical stimulation. However, U0126 did not affect the phosphorylation of S64 in either the basal or mechanically-stimulated states. Finally, we also found that mechanical stimulation induced a significant loss in the abundance of total 4E-BP1, and again, inhibition of ERK with U0126 did not alter this effect. Note: a mechanically-induced loss of 4E-BP1 was also detected with an antibody that was raised against a different antigenic peptide ([Figure S2](#pone.0047258.s002){ref-type="supplementary-material"}). Taken together, these results demonstrate that mechanical stimulation induces an increase in 4E-BP1 phosphorylation on sites such as S64, as well as a loss of total 4E-BP1, and signaling through ERK is not necessary for these events.

Validation of Mechanically-induced mTOR-dependent Signaling Events {#s3b}
------------------------------------------------------------------

As previously noted, changes in the phosphorylation status of molecules, such as p70^s6k^, S6, and 4E-BP1, are commonly used as markers of mTOR activity. However, many of the phosphorylation sites on these molecules can be regulated by both mTOR-dependent and mTOR-independent events [@pone.0047258-Goodman1], [@pone.0047258-Mukhopadhyay1], [@pone.0047258-Roux2], [@pone.0047258-Karim1]. Hence, we set out to determine if the markers analyzed were indeed valid markers of mechanically-induced mTOR signaling. To accomplish this, we first used a supramaximal dose of rapamycin (150 nM) to inhibit signaling by mTOR in muscles from wild type mice. As shown in [Figure 2A](#pone-0047258-g002){ref-type="fig"}, this dose of rapamycin eliminated the mechanically-induced increase in p70^s6k^ T389 and 4E-BP1 S64 phosphorylation, suggesting that these events occur through an mTOR-dependent mechanism. Interestingly, the mechanically-induced decrease in total 4E-BP1 was also eliminated by rapamycin, which suggests that the loss of 4E-BP1 may be a previously unrecognized mTOR-dependent signaling event. On the other hand, rapamycin did not prevent mechanical stimulation from inducing an increase in the phosphorylation of the p70^s6k^ T421/S424, S6 S235/236 and S6 S240/244 residues. Thus, it can be concluded that rapamycin-insensitive/mTOR-independent mechanism(s) are at least partially responsible for the mechanically-induced phosphorylation of these residues.

![Validation of mTOR-dependent signaling events that are induced by mechanical stimulation.\
(**A**) EDL muscles from wild type mice, and (**B**) transgenic mice with muscle specific expression of a rapamycin-resistant mutant of mTOR (RR-mTOR), were held at *Lo* and pre-incubated with 150 nM rapamycin (RAP +) or the vehicle (RAP --, DMSO) for 30 min. The muscles were then subjected to 90 min of stretch or control conditions followed by western blot analysis for phosphorylated (P) and total p70, S6, and 4E-BP1. The total amount, and phospho:total ratios, of each protein were measured and then expressed relative to the values obtained in the genotype-matched vehicle control samples (RAP--, Stretch--). Note: total 4E-BP1 gels were also run under conditions that minimize the gel mobility shift (short-run). All values are presented as the mean (n = 3−5 per group). \*Significantly different from the drug-matched control group, †Significantly different from the stimulation-matched vehicle group, P≤0.05.](pone.0047258.g002){#pone-0047258-g002}

Like all pharmacological inhibitors, rapamycin can potentially exert non-specific (mTOR-independent) actions. For example, it has been shown that rapamycin can bind and sequester the FKBP12 protein and this can interfere with the role that FKBP12 plays in the function of the ryanodine receptor and signaling by members of the transforming growth factor-β superfamily [@pone.0047258-Osman1]--[@pone.0047258-Avila1]. Thus, we wanted to determine if mTOR was indeed responsible for the inhibitory effects of rapamycin. To accomplish this, we employed transgenic mice that express endogenous wild type mTOR in conjunction with overexpression of a rapamycin-resistant mutant of mTOR (RR-mTOR). Specifically, the RR-mTOR transgene contains a S2035T mutation located within the FKBP12-rapamycin complex binding domain of mTOR. The S2035T mutation prevents the interaction of mTOR with the FKBP12-rapamycin complex, and thereby, confers resistance to the inhibitory effects that rapamycin normally exerts on mTOR signaling [@pone.0047258-Brown1], [@pone.0047258-Lorenz1]. As shown in [Figure 2B](#pone-0047258-g002){ref-type="fig"}, when muscles from RR-mTOR mice were subjected to mechanical stimulation in the presence of rapamycin, the mechanically-induced increase in p70^s6k^ T389 and 4E-BP1 S64 phosphorylation, and the decrease in total 4E-BP1, were all effectively rescued from the inhibitory actions of rapamycin. Therefore, it can be concluded that these events are indeed valid markers of mechanically-induced signaling by mTOR.

Mechanical Stimulation Induces Protein Synthesis via an ERK-independent Mechanism {#s3c}
---------------------------------------------------------------------------------

Previous studies have indicated that signaling through mTOR is necessary for a mechanically-induced increase in the rate of protein synthesis, and that the activation of mTOR signaling is sufficient to induce protein synthesis [@pone.0047258-Drummond1]--[@pone.0047258-Kubica1], [@pone.0047258-Goodman3]. In addition, the results presented above indicate that ERK is not necessary for the mechanical activation of mTOR signaling. Combined, these points suggest that mechanical stimulation should induce an increase in protein synthesis via an ERK-independent mechanism. However, signaling by ERK can also control protein synthesis by regulating mTOR-independent molecules such as RSK and the mitogen-activated protein kinase-interacting S/T kinase [@pone.0047258-Anjum1], [@pone.0047258-Hou1]. Thus, we wanted to determine if signaling through ERK is necessary for a mechanically-induced increase in the rate of protein synthesis. To test this, we subjected muscles to 90 min of mechanical stimulation and then measured rates of protein synthesis during the final 30 min of stimulation. Interestingly, we could not observe a mechanically-induced increase in the rate of protein synthesis when muscles were incubated with the same media \[Krebs Henseleit Buffer (KHB) supplemented with amino acids and glucose, see methods\] that was used to obtain the signaling data presented in [Figures 1](#pone-0047258-g001){ref-type="fig"} and [2](#pone-0047258-g002){ref-type="fig"} ([Figure S1](#pone.0047258.s001){ref-type="supplementary-material"}). However, we have previously demonstrated that mechanical stimulation in our organ culture system induces protein synthesis when muscles are incubated with DMEM media [@pone.0047258-Hornberger1]. Therefore, we performed our protein synthesis measurements on muscles that were incubated with DMEM. Before doing this, we confirmed that mechanical stimulation induced an ERK-independent activation of mTOR signaling when muscles were incubated with DMEM ([Figure S2](#pone.0047258.s002){ref-type="supplementary-material"}). We then performed our protein synthesis measurements and, consistent with our previous studies, we found that mechanical stimulation induced an increase in the rate of protein synthesis. However, inhibition of ERK with U0126 did not prevent the mechanically-induced increase in protein synthesis ([Figure 3](#pone-0047258-g003){ref-type="fig"}). Thus, it can be concluded that signaling through ERK is not necessary for a mechanically-induced increase in protein synthesis.

![Mechanical stimulation induces an increase in protein synthesis via an ERK-independent mechanism.\
EDL muscles were held at *Lo* and pre-incubated with 50 µM U0126 or the vehicle (DMSO) for 30 min. The muscles were then subjected to 90 min of stretch or control conditions, and protein synthesis rates were measured during the final 30 min. All values are presented as the mean + SEM (n = 4−7 per group). \*Significantly different from the drug-matched control group, P≤0.05.](pone.0047258.g003){#pone-0047258-g003}

PA Induces mTOR Signaling via an ERK-independent Mechanism {#s3d}
----------------------------------------------------------

Previous studies have suggested that a mechanically-induced increase in PA is necessary for the activation of mTOR signaling [@pone.0047258-ONeil1], [@pone.0047258-Hornberger2]. Furthermore, an increase in PA is capable of inducing the activation of ERK, which could then induce signaling by mTOR [@pone.0047258-Ma2], [@pone.0047258-Rizzo1], [@pone.0047258-Zhao1]. Based on these points, we initially envisioned the potential for a mechanism in which a mechanically-induced increase in PA would promote signaling through ERK and this, in-turn, would induce the activation of mTOR signaling. However, our results demonstrated that the mechanical activation of mTOR signaling occurred through an ERK-independent mechanism. Thus, we reasoned that if PA is actually involved in the mechanical activation of mTOR signaling, then PA should also promote the activation of mTOR signaling via an ERK-independent mechanism. To test this, we first wanted to confirm our previous observation that mechanical stimulation induces an increase in PA. As shown in [Figure 4A](#pone-0047258-g004){ref-type="fig"}, both 15 and 90 min of mechanical stimulation resulted in a significant increase in ^3^H-myristic acid labeled PA.

![Exogenous phosphatidic acid activates mTOR signaling via an ERK-independent mechanism.\
(**A**) EDL muscles were held at *Lo* and pre-labeled with \[^3^H\]-myristic acid for 2 h. The muscles were then subjected to 15 or 90 min of stretch or control conditions. Muscles were collected at the end of the 15 or 90 min interval, and the amount of ^3^H-labeled PA (^3^H PA) was measured and then expressed as a percentage of time-matched control values. The values are presented as the mean + SEM (n = 4−7 per group). • Significantly different from the time-matched control group. (**B**) C2C12 myoblasts were serum-starved overnight and then pre-incubated with 50 µM U0126 (U0126+) or the vehicle (U0126 --, DMSO) for 30 min, followed by 20 min stimulation with 30 µM C8 PA, 300 µM Egg PA or the vehicle (Control, PBS). The samples were then subjected to western blot analysis for phosphorylated (P) and total ERK, p70, and 4E-BP1. The total amount, and phospho:total ratios, of each protein were measured and then expressed relative to the values obtained in the vehicle control samples (U0126 --, PBS). All values are presented as the mean and were obtained from three independent experiments (n = 3−5 per group). \*Significantly different from the drug-matched control group, †Significantly different from the stimulation-matched vehicle group, P≤0.05.](pone.0047258.g004){#pone-0047258-g004}

Next, we wanted to determine if PA activates mTOR signaling via an ERK-independent mechanism. Importantly, we have previously confirmed that exogenous PA can induce mTOR signaling in C2C12 myoblasts [@pone.0047258-ONeil1]. Thus, to accomplish our goal, we stimulated C2C12 myoblasts with different species of exogenous PA (C8 PA and Egg PA) in the presence or absence of U0126. It should be noted that at least some of exogenous PA can be hydrolyzed into lysophosphatidic acid (LPA) by the phospholipase A present in the cell culture media, and this could promote additional LPA receptor-mediated activation of ERK [@pone.0047258-Winter1]. Consistent with this possibility, we found that treatment with both species of exogenous PA induced a much more robust increase in ERK phosphorylation than what was observed with mechanical stimulation ([Figure 4B](#pone-0047258-g004){ref-type="fig"}). Furthermore, the robust activation of ERK by C8 PA was found to be necessary for C8 PA to induce an increase in protein synthesis ([Figure S3](#pone.0047258.s003){ref-type="supplementary-material"}). However, inhibition of ERK with U0126 did not prevent the ability of PA to induce the markers of mechanically-induced mTOR signaling, such as p70^s6k^ T389 and 4E-BP1 S64 phosphorylation, or the loss of total 4EBP1 ([Figure 4B](#pone-0047258-g004){ref-type="fig"}). These results indicate that, in C2C12 myoblasts, exogenous PA induces mTOR-dependent signaling events via an ERK-independent mechanism.

PA can Directly Activate mTOR Signaling *in-vitro* {#s3e}
--------------------------------------------------

Our observation that PA induces mTOR signaling via an ERK-independent mechanism prompted us to explore the possibility that PA might directly activate mTOR signaling [@pone.0047258-Yoon1], [@pone.0047258-Fang1], [@pone.0047258-Veverka1]. To test this, we employed wild type C2C12 myoblasts and C2C12 myoblasts that stably express FLAG-tagged wild type mTOR [@pone.0047258-VilellaBach1]. Lysates from these cells were first subjected to immunoprecipitation against the FLAG tag, and as shown in [Figure 5](#pone-0047258-g005){ref-type="fig"}, only the immunoprecipitates from the FLAG-mTOR myoblasts contained mTOR. Next, the immunoprecipitates were incubated with lipid vesicles composed of 50% C8 PA and 50% PC, or 100% PC as a control condition. The immunoprecipitates were then subjected to an *in-vitro* mTOR kinase activity assay in which p70^s6k^ T389 phosphorylation was used as a readout of mTOR activity [@pone.0047258-Ikenoue1]. The results demonstrated that PA can induce an increase in p70^s6k^ T389 phosphorylation, and this only occurred in the immunoprecipitates obtained from the FLAG-mTOR cells. This is an important point because it established that the PA-induced increase in p70^s6k^ T389 phosphorylation required the presence of mTOR and, therefore, did not result from the presence of a non-specific kinase that was pulled down during the immunoprecipitation procedure. Thus, it can be concluded that PA is capable of directly activating mTOR signaling *in-vitro*.

![Phosphatidic acid directly promotes mTOR kinase activity *in-vitro*.\
Wild type C2C12 myoblasts and C2C12 myoblasts stably expressing FLAG-tagged mTOR (FLAG-mTOR) were serum starved overnight, collected, and then the cell lysates were subjected to immunoprecipitation against the FLAG epitope. The immunoprecipitates were incubated for 15 min with either 150 µM C8 PA vesicles (50% C8 PA +50% PC) or 150 µM phosphatidylcholine (PC) vesicles (100% PC) as a control condition. mTOR kinase activity was then assayed with GST-p70 as a substrate. The resulting samples were subjected to western blot analysis, and the phospho:total ratios for GST-p70 were expressed relative to the values obtained in the PC treated FLAG-mTOR group. All values are presented as the mean and were obtained from at least three independent experiments (n = 5−8 per group). \*Significantly different from the cell type-matched control group, P≤0.05.](pone.0047258.g005){#pone-0047258-g005}

Discussion {#s4}
==========

In this study we employed an *ex-vivo* passive stretch model of mechanical stimulation to determine if signaling through ERK is necessary for the mechanical activation of mTOR signaling and protein synthesis. Based on the results, it can be concluded that ERK's contribution to these events, if any, is very limited. However, we also found that the basal level of mTOR signaling was severely impaired by ERK inhibition, which suggests that ERK is indeed a potent regulator of mTOR signaling in skeletal muscle. Hence, the seemingly negligible role of ERK in the mechanical activation of mTOR signaling is likely due, at least in part, to the relatively small increase in signaling through ERK that was induced by our model of mechanical stimulation (≈2-fold). However, a more robust increase in signaling through ERK has been observed with other types of mechanical stimulation. For example, Martineau and Gardiner 2001, demonstrated that concentric, isometric, and eccentric contractions produce a 3-, 4-, and 5-fold increase in signaling through ERK, respectively [@pone.0047258-Martineau1]. Therefore, we cannot fully exclude the possibility that ERK may contribute to the activation of mTOR signaling, and protein synthesis, in other models of mechanical stimulation as previously suggested by Miyazaki *et al.,* 2011 [@pone.0047258-Miyazaki1]. Nevertheless, our results do clearly reveal that mechanical stimuli can induce mTOR signaling, and protein synthesis, through an ERK-independent mechanism.

To date, numerous studies have attempted to identify the molecular mechanisms that are involved in the mechanical activation of mTOR signaling [@pone.0047258-Hornberger3], [@pone.0047258-Spangenburg1]. Based on these studies, it has been concluded that mechanical stimuli activate mTOR signaling through a unique mechanism that does not require typical candidates such as phosphoinositide 3-kinase, protein kinase B, exogenous nutrients, protein kinase C, phosphoinositide-specific phospholipase C, or changes in intracellular calcium [@pone.0047258-Hornberger1], [@pone.0047258-ONeil1], [@pone.0047258-Hornberger2], [@pone.0047258-Hornberger4]. On the other hand, several lines of evidence suggest that PA may be involved [@pone.0047258-ONeil1], [@pone.0047258-Hornberger2]. For example, the results of this study demonstrate that; i) mechanical stimuli can induce an increase in PA, ii) stimulating cells with PA is sufficient to induce mTOR signaling, and iii) PA can directly activate mTOR signaling *in-vitro*. Furthermore, like mechanical stimuli, we found that PA induces mTOR signaling through an ERK-independent mechanism. All of these observations are consistent with a model in which mechanical stimuli induce an increase in PA, and the newly formed PA then binds and activates mTOR. Although intriguing, additional studies will be needed to test the validity of this concept.

In this study, we also used RR-mTOR mice to identify valid markers of mechanically-induced mTOR signaling. For example, the RR-mTOR mice enabled us to demonstrate that a mechanically-induced increase in p70^s6k^ T389 phosphorylation is fully dependent on mTOR. Conversely, we found that other commonly used markers of mTOR signaling, such as S6 S235/236 and S6 S240/244 phosphorylation, were at least partially induced via a rapamycin-insensitive/mTOR-independent mechanism. Consistent with these results, another recent study also demonstrated that rapamycin does not block mechanical overload-induced increases in S6 S235/236 and S6 S240/244 phosphorylation [@pone.0047258-Miyazaki1]. This is particularly interesting because a previous study with p70^s6k1^ and p70^s6k2^ double knockout mice demonstrated that S6 S240/244 phosphorylation requires p70^s6k^ activity [@pone.0047258-Pende1]. Thus, our results might indicate that mechanical stimulation induces a partially rapamycin-resistant activation of p70^s6k^, the activation of unrecognized S6 kinase(s), or an inhibition of S6 phosphatases. Furthermore, our observations illustrate that caution should be used when interpreting changes in S6 S235/236 or S6 S240/244 phosphorylation as markers of mTOR signaling.

The RR-mTOR mice also enabled us to demonstrate that mTOR is necessary for mechanical stimulation to induce an increase in 4E-BP1 S64 phosphorylation, and a decrease in total 4E-BP1. However, much to our surprise, mechanical stimulation did not alter 4E-BP1 T36/45 phosphorylation. This observation was surprising because numerous studies have shown that, when activated, the rapamycin-sensitive mTORC1 can directly phosphorylate both p70^s6k^ T389 and 4E-BP1 T36/45 residues [@pone.0047258-Yip1], [@pone.0047258-Sancak1]. Furthermore, an extensively large number of studies have shown that the classical agonists of mTORC1 signaling (e.g. growth factors and nutrients) induce an increase in both p70^s6k^ T389 and 4E-BP1 T36/45 phosphorylation [@pone.0047258-Ikenoue1], [@pone.0047258-Yoon2], [@pone.0047258-Yonezawa1]. Hence, observing a robust increase in p70^s6k^ T389 phosphorylation, in conjunction with no change in 4E-BP1 T36/45 phosphorylation, was highly unexpected. Although the reason for this disparity is not known, a recent study by Yip et al. 2010 may have revealed some important clues. Specifically, Yip et al. demonstrated that rapamycin inhibits the ability of immunopurified mTOR to phosphorylate p70^s6k^ T389 and 4E-BP1 T36/45 [@pone.0047258-Yip1]. Furthermore, the presence of raptor was found to be necessary for mTOR to phosphorylate 4E-BP1 T36/45. However, contrary to previous assumptions, the presence of raptor was not necessary for mTOR to phosphorylate p70^s6k^ T389. Yet, in the absence of raptor, the ability of mTOR to phosphorylate p70^s6k^ T389 was still sensitive to inhibition by rapamycin. In other words, it appears that there is a rapamycin-sensitive pool of mTOR that does not involve the classical raptor-associated mTORC1 complex. Similar to the results we observed with mechanical stimulation, this uncharacterized rapamycin-sensitive pool of mTOR can phosphorylate p70^s6k^ T389, but not 4E-BP1 T36/45. Thus, it is very tempting to speculate that mechanical stimuli activate a unique rapamycin-sensitive pool of mTOR that is distinct from mTORC1.

As mentioned in the introduction, signaling through mTOR has been widely implicated in the regulation of protein synthesis. For example, the mTOR kinase inhibitor (Torin 1) induces a greater than 60% reduction in the rate of protein synthesis when added to wild-type mouse embryonic fibroblasts (MEF). However, Torin 1 has essentially no effect on the rate of protein synthesis when added to MEFs that are deficient of 4E-BP1 and 4E-BP2 [@pone.0047258-Thoreen1]. Based on these observations, it has been concluded that the 4E-BPs play a key role in the mechanism through which mTOR controls protein synthesis.

In general, mTOR is thought to control the function of the 4E-BPs by inducing changes in the phosphorylation state of the protein. For example, mTOR can directly phosphorylate the 36/45 residues of 4E-BP1, and phosphorylation on these residues allows 4E-BP1 to become further phosphorylated on residues such as S64 [@pone.0047258-MotheSatney1], [@pone.0047258-Gingras3]. When hyperphosphorylated, 4E-BP1 dissociates from eIF4E and this, in-turn, promotes the formation of the eIF4F complex and ultimately the initiation of protein synthesis [@pone.0047258-Hara1], [@pone.0047258-Haghighat1]. In addition to controlling 4E-BP1 phosphorylation, there is also emerging evidence which suggests that mTOR can regulate the abundance of 4E-BP1. For example, inducible knockout of mTOR in the adult myocardium results in an increase in total 4E-BP1 [@pone.0047258-Zhang1]. Furthermore, HSV-1 infection has been shown to induce a decrease in total 4E-BP1, and this effect can be prevented by rapamycin [@pone.0047258-Walsh1]. Presumably, a decrease in total 4E-BP1, and hyperphosphorylation of 4E-BP1, would result in functionally equivalent effects on protein synthesis (i.e. enhanced eIF4F complex formation). Thus, we were intrigued by our results which demonstrated that mechanical stimulation induces an mTOR-dependent decrease in total 4E-BP1. Specifically, previous studies have indicated that signaling through mTOR is necessary for a mechanically-induced increase in protein synthesis but the mechanisms through which mTOR exerts this effect have not been defined. Based on our results, it would appear that a mechanically-induced decrease in total 4E-BP1 could be part of this mechanism. Furthermore, we have measured total 4E-BP1 levels in muscles that were subjected to *in-vivo* eccentric contractions as described in [@pone.0047258-ONeil1], and again, we observed a decrease in total 4E-BP1 levels (data not shown). Based on these observations, it would appear that a mechanically-induced decrease in the total 4E-BP1 levels is a conserved event. Hence, in the future, it will be important to determine if the loss of total 4E-BP1 plays a significant role in the mechanism through which mechanical stimuli induce an increase in protein synthesis.

In summary, the results from this study demonstrate that mechanical stimulation induces mTOR signaling, and protein synthesis, via an ERK-independent mechanism that potentially involves a direct interaction of PA with mTOR. Since signaling through mTOR is necessary for a mechanically-induced increase in protein synthesis, and ultimately growth, these findings should help advance our understanding of how mechanical signals are converted into the molecular events that regulate skeletal muscle mass.

Supporting Information {#s5}
======================

###### 

**Mechanical stimulation does not increase protein synthesis in muscles incubated with KHB media.** EDL muscles were held at *Lo* and pre-incubated for 30 min with KHB media containing 0.1% DMSO, 1X MEM amino acids and 25 mM glucose. The muscles were then subjected to 90 min of stretch or control conditions, and protein synthesis rates were measured during the final 30 min. All values are presented as the mean + SEM (n = 4−6 per group).

(TIF)

###### 

Click here for additional data file.

###### 

**Mechanical stimulation activates mTOR signaling via an ERK-independent mechanism in DMEM media.** EDL muscles were held at *Lo* and pre-incubated with DMEM media containing 50 µM U0126 (U0126+) or the vehicle (U0126 --, DMSO) for 30 min. The muscles were then subjected to 90 min of stretch or control conditions. Muscles were collected at the end of the 90 min interval and subjected to western blot analysis for phosphorylated (P) and total ERK, p70 and total 4EBP1. The total amount, and phospho:total ratios, of each protein were measured and then expressed relative to the values obtained in the vehicle control samples (U0126 --, Stretch --). Note: total 4E-BP1 was measured with two different antibodies, i) a monoclonal antibody from Cell Signaling that was raised against a peptide surrounding the Ser112 residues (C.S.), and ii) a polyclonal antibody from Santa Cruz that was raised against full length 4E-BP1 as the antigenic peptide (S.C.). All values are presented as the mean (n = 3−5 per group). \*Significantly different from the drug-matched control group, †Significantly different from the stimulation-matched vehicle group, P≤0.05.

(TIF)

###### 

Click here for additional data file.

###### 

**Exogenous phosphatidic acid induces protein synthesis via an ERK-dependent mechanism.** C2C12 myoblasts were serum-starved overnight and then pre-incubated with 50 µM U0126 or the vehicle (DMSO) for 30 min, followed by 60 min stimulation with 30 µM C8 PA or the vehicle (PBS). Protein synthesis rates were measured during the final 30 min and expressed as a percentage of the vehicle control values. All values are presented as the mean + SEM and were obtained from five independent experiments (n = 9−11 per group). \*Significantly different from the drug-matched control group. †Significantly different from the stimulation-matched vehicle group, P≤0.05.

(TIF)

###### 

Click here for additional data file.
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